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ABSTRACT 
The Kogan Creek Solar Boost is a world-first commercial project that sees AREVA Solar designing, supplying and 
constructing CLFR-based solar steam generators for CS Energy, a major power generation company in Queensland, 
Australia.  Part of the requirements of the Project is that AREVA Solar must performance test the technology and 
prove that it will produce the energy required with known solar radiation input. 
In this dissertation, the current research in performance modelling, simulation, validation and testing of CLFR 
technology will be explored as a means to provide a guideline for developing a test protocol for the Kogan Creek 
Solar Boost Project.  There were significant publications in the area of performance modelling, simulation and 
(sometimes) validation of mathematical models for CLFR receivers and reflectors.  In the area of validating 
mathematical models of actual CLFR technology, the area is not well published; performance testing of CLFR 
projects is further scarce.  Only one technical standard exists for developing test protocol, however, this imposes 
limitations and does not allow for working-fluid phase-change processes.  Guidelines for developing test protocol 
are scant, with only the NREL having published their interim work for performance testing of parabolic trough solar 
fields. 
Through combining the results of the CLFR mathematical modelling and the NREL parabolic trough performance 
acceptance testing guidelines, a guideline for CLFR can be developed and this is presented in this Dissertation.  
There is still considerable work in this area, and this is evidenced by the formation of an ASME Committee that is 
to develop a Performance Test Code as a definitive technical standard for all solar thermal technologies over the 
coming years.  In the interim, in lieu of the availability of technical standards, the results from this Dissertation can 
inform and guide the development of a test protocol for the solar steam generators to be installed on the Kogan 
Creek Solar Boost Project. 
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1 INTRODUCTION 
1.1 Background 
The Kogan Creek Solar Boost (KCSB) station is a solar thermal addition to the Kogan Creek Power Station 
(KCPS).  Owned and operated by CS Energy, the power station is a 750MWe coal-fired, supercritical steam 
turbo-generator that was completed in 2007 [1] as Australia's newest (and potentially last) coal-fired power 
station.  KCPS provides baseload power to the Australian national energy market and is located approximately 
300km west of Brisbane, Queensland.  The solar boost station is intended to enable the power station to 
generate an additional 44MW of electricity; in effect, KCPS has potential to generate peak power of 794MWe 
using the same amount of coal. 
CS Energy have selected Compact Linear Fresnel Reflector (CLFR) solar thermal technology supplied by AREVA 
Solar due to the CLFR's ability to directly generate superheated steam.  The KCSB Project scope encompasses 
the design, engineering, procurement, construction and commissioning of 14 CLFR-based Solar Steam 
Generators (SSG), and balance of mechanical and electrical plant, along with associated civil and structural 
works.  The 14 SSGs and balance of plant constitute what is deemed the Solar Field, and this is to be integrated 
into the power station as part of the KCSB Project. 
CS Energy have operating business interests which, naturally, stipulate functional specifications that the SSGs 
must meet.  For example, the Solar Field must generate a certain amount of energy, in MWh, at specified 
operating steam temperature, pressure and mass flow rate.  To meet these specifications, AREVA Solar needs 
to undertake thermal performance tests as part of the Project's commissioning phase prior to handover to, and 
acceptance by, CS Energy.  These various tests generally include: 
 Initial net thermal performance test 
 30-day reliability run test 
 5-year net thermal performance test 
The KCSB project represents a world-first commercial undertaking that installs multiple CLFR solar thermal 
boilers (the SSGs are considered a boiler [2]) while also integrating it into an existing industrial facility.  Other 
projects that have utilised CLFR technology include [3]: 
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 Liddell Power Station Solar Steam Generators (2MW) by Solar Heat & Power/Ausra 
 Kimberlina Solar Thermal Energy Plant (5MW) by Ausra/AREVA Solar 
 Puerto Errado 1+2 (31.4MW) by Novatec Solar GmbH 
However, these projects were principally for research and development purposes and were about proving the 
technology works and validating theoretical models of the technology, rather than having the technology meet 
particular operating specifications for a commercial purpose.  
While the functional specification and expected results from performance testing are well defined, the protocol 
for undertaking thermal performance testing is still to be developed for the KCSB Project.  Performance testing 
is normally guided by standard testing guidelines or procedures.  Procedures already exist for performance and 
acceptance testing of current technology, ASME PTC 6-2004 for Steam Turbines as one example, however, no 
such guidelines or procedures existing for CLFR technology. 
This Dissertation shall investigate the body of knowledge in the area of CLFR technology and performance 
testing, and seek to establish some guidelines for developing test procedures.  These guidelines can then be 
applied to develop the test protocol for the KCSB Project, sufficient enough to provide accurate results 
consistent with good engineering knowledge and practice. 
1.2 Research Objectives 
This Dissertation will focus on the development of thermal performance testing guidelines for CLFR technology 
and seek to apply this to the Kogan Creek Solar Boost Project.  The principle questions defining the objectives 
of this study are: 
1) What scientific or engineering protocol enables or guides standardised performance testing? 
2) Can these methods be applied to multiple-unit solar thermal installations? 
3) Are these methods suitable for industrial-scale applications? 
4) What implications are there for integrating solar thermal into existing industrial facilities, and can 
these be tested? 
5) What form would a test protocol take to implement the methods and achieve the project aims? 
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1.3 Dissertation Structure 
Section 1 provides a background into the Kogan Creek Solar Boost Project and sets the context of the research 
within this Dissertation.  Section 2 describes the project in details, how the system is intended to operate, and 
provides a description of the solar steam generator technology.  Section 3 goes into the investigation methods 
used in the research, with the results from this investigation discussed in Section 4.  Section 5 provides the 
analysis and discussion for performance testing of CLFR technology and how it may be guided, with Section 6 
summarising the works. 
1.4 Dissertation Scope 
The Literature Review revealed a significant body of knowledge related to CLFR technology.  In particular, 
previous research focus has been on performance modelling, simulation and validation of CLFR components 
and sub-systems – Receiver cavity heat loss and absorption, or two-phase flow within boiler tubes, for 
example.  This Dissertation does not seek to replicate or undertake analytical modelling and simulation work 
for the purposes of this research or the KCSB Project.  This work has already been done by AREVA Solar for the 
KCSB Project, and by others such as Mills and Morrison (2000) [4]; Reynolds et al.. (2004) [5] and Muñoz et al.. 
(2011) [6]  for research purposes. 
Similarly, the balance of plant and power station process systems shall only be discussed to provide 
background on what thermal processes the SSGs are tying into.  Accordingly, the system boundary shall be 
defined as the feedwater inlet and steam outlet of the Solar Field; all discussion and analysis in this Dissertation 
shall relate to those parameters and characteristics required for thermal performance testing the Solar Field – 
any other systems are excluded from the analysis. 
The focus of this dissertation shall be on bringing together these elements of performance modelling and 
simulation and use it as a basis of performance testing CLFR technology.  As performance models are intricately 
linked to the physical testing, the discussion in this Dissertation shall therefore review what has been done 
previously and how it can be utilised for performance testing the KCSB solar steam generators. 
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2 KOGAN CREEK SOLAR BOOST PROJECT 
2.1 Project Details 
2.1.1 CS Energy and Kogan Creek Power Station 
CS Energy is a Queensland Government owned company with a portfolio of 2970MW in power generation 
capacity which includes [7]: 
 Callide Power Station (1,720MW coal-fired) near Biloela, Central Queensland; 
 Wivenhoe Power Station (500MW pumped storage hydro-electric) near Esk, South-East Queensland. 
The Kogan Creek Power Station single-unit, 750MW supercritical steam (540°C at 250 bar), turbine-generator 
with air-cooled surface condenser technology fed with coal from the neighbouring Kogan Mine [8].  It was 
opened in 2007 as Australia's newest coal-fired power station and is located near Chinchilla in South West 
Queensland, approximately 300km west of Brisbane. 
 
Figure 1 – Location of Kogan Creek Power Station and Kogan Creek Solar Boost [9] 
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2.1.2 AREVA Solar 
AREVA Solar was formed from the acquisition of Ausra Pty Ltd in 2010 [9] by AREVA, the French nuclear 
industrial conglomerate.  Based in Mountain View, California, the company designs, manufactures, and 
constructs solar steam generators utilising Compact Linear Fresnel Reflector technology for industrial uses such 
as power generation (stand-alone or fossil-fuel boosting), desalination, and enhanced oil recovery [2]. 
AREVA Solar were awarded the Kogan Creek Solar Boost Project contract on 13 April 2011 with a value of 
$104.7 million and commercial operation planned for 2013 [11]. 
2.1.3 Site Location and Layout 
The Solar Field will be located approximately 1.5km East of KCPS with interconnecting piping as shown in Figure 
2.  The blue line represents the feedwater from the power station to the Solar Field, the red line represents the 
steam from the Solar Field to the power station.  There are drain and condensate lines as well, but these are of 
minor consideration with respect to the thermal performance testing as these play a role in handling process 
fluids only during start-up and shut-down events. 
 
Figure 2 – Site layout of KCPS and KCSB (adapted from [12]) 
Figure 3 shows a plan view of Kogan Creek Solar Boost, and the concept of 14 SSGs operating in parallel, taking 
in feedwater and directly generating superheated steam. 
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Figure 3 – A plan view of the Solar Field layout and interconnection to Kogan Creek Power Station 
2.2 System Operation 
The KCSB project involves the supply and installation of 14 SSGs utilising CLFR technology, and the design, 
supply, and construction of civil, mechanical and electrical balance of plant.  Superheated steam from the Solar 
Field is fed into the cold reheat system of the power station at 400°C and 105 bar.  These are peak operating 
parameters and will vary with the solar radiation during the day and season.  The Solar Field is expected to 
produce an additional 44MW of electrical power generation for Kogan Creek Power Station, bringing capacity 
from 750MW to 794MW during peak solar radiation. 
 
Figure 4 – Process flow of Solar Boost augmenting the power station [13] 
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The principle of operation of the Solar Field augmenting the power station is as follows (based on numbering 
used in Figure 4) [13]: 
1. The boiler feedwater pump sends feedwater at 188°C and 107bar(g) to the Solar Field; 
2. Feedwater travels via the Interconnecting Piping from the power station to each SSG in the Solar Field; 
3. The 14 SSGs superheats the feedwater along 1000m of boiler tube using solar radiation reflected from 
mirrors that track the sun; 
4. Steam at 400°C and 105 bar(g) is fed into the cold reheat line of the power station where it is further 
heated to supercritical conditions (540°C at 250 bar). 
The remaining processes (Items 5 to 13 in Figure 4) follow typical combustion, thermodynamic power cycle and 
electrical conversion and transmission processes for power stations. 
2.3 CLFR Solar Steam Generators – Technology Description 
Compact Linear Fresnel Reflectors are a line-focus solar thermal technology that uses rows of slightly-curved 
mirrors to reflect solar radiation onto a central receiver.  As the Sun traverses the sky, the mirrors rotate to 
maintain the solar radiation's reflection onto the receiver [14] [15].  The KCSB solar steam generators are a 
once-through system wherein the process fluid (water) enters as feedwater and exits as superheated steam. 
 
Figure 5 – Process flow of CLFR solar steam generator [15] 
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Figure 6 – CLFR solar steam generator with (1) structures, (2) reflectors and receiver (3) – this is deemed one SSG, there will be 14 of 
these built side-by-side [16]  
2.3.1 Structures 
The structures consist of A-frame towers, beams and column supports that support the reflectors, receivers 
and associated components and resist wind and seismic loadings.  The column supports' heights can be 
adjusted such that each SSG remains in a flat, horizontal plane. 
2.3.2 Reflectors 
The Reflectors are low-iron glass mirrors that reflect the sunlight and focus it onto the central Receiver.  Tanner 
et al.. (2011) [15] describes the reflectors used on the Kimberlina Solar Thermal Energy Plant as being five glass 
mirrors attached to a steel truss structure, with a slight curvature to assist focussing ability.  Each reflector row 
is driven independently to ensure proper calibration and focus of solar radiation onto the receiver.  The 
reflectors can be turned through 360° for mirror washing, hail protection and receiver maintenance. 
3
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Figure 7 – Reflector about to be installed at KCSB Project [17] 
The reflector parameters for KCSB can be summarised as follows: 
Table 1 – Reflectors parameters for KCSB 
Reflector Value 
Length of one reflector 16.1m 
Width of one reflector 2.25m 
No. of mirror panels per reflector 5 
Rows of reflectors 13 
Total length of mirrors (includes gaps) 500m 
Total width of mirrors (includes gaps) 36m 
Total reflectors per SSG 390 
Total reflectors for KCSB (14 SSGs) 5460 
Tanner et al.. (2011) [15] also describes the arrangement of the Reflectors in an SSG, and this is best 
summarised pictorially in Appendix A. 
2.3.3 Receivers 
The receiver absorbs the concentrated solar radiation and transfers this heat, eventually boiling and 
superheating the feedwater.  The Receiver consists of 500m of horizontal boiler tube, bundled inside an 
insulated cavity which is supported approximately 15m in the air [15].  The receiver establishes a stagnant air 
layer, being an downward facing cavity, which reduces convective air losses [14]. 
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Insulated Cavity 




KCSB SSGs have two sets of three economiser boiler tubes running on either side of two superheater boiler 
tubes.  The six economiser tubes manifolds at the Turnaround Header (on northern end of SSG) into the two 
superheater tubes.  These superheater tubes return to the Riser/Downcomer (southern end of SSG).  All boiler 
tubes are coated with a selective coating to maximise solar radiation absorptivity and minimise reflectivity and 
radiant heat loss. 
The cavity holding the boiler tube is enclosed with an anti-reflective-coated, tempered glass cover which assist 
with minimising convective heat losses [15].  Secondary reflectors line the internal receiver cavity to: 
 re-radiate any diffuse radiation from the reflectors and 
 re-radiate any (minor) radiated heat loss from the boiler tubes. 
The feedwater enters the six economiser tubes where it is heated and eventually boiled as it is pumped down 
the length of the SSG from South to North.  Where the economiser tubes manifold into the superheat tubes, 
saturated steam begins to appear and heating of the two-phase steam-water mixture continues the length of 
the SSG from North to South where saturated steam becomes superheated steam.  This superheated steam 







Figure 8 – Schematic of Receiver for KSCB 
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Figure 9 – Underside of Receiver at Kimberlina Solar Thermal Energy Plant in Bakersfield, California 
  
 Faculty of Science and Engineering 
 School of Engineering and Energy 
 PEC624 RENEWABLE ENERGY DISSERTATION 
A PROTOCOL FOR EVALUATING THERMAL PERFORMANCE OF 14 SOLAR STEAM GENERATORS FOR THE KOGAN CREEK SOLAR BOOST PROJECT Page 12 
Bond G. Watson 
3 INVESTIGATION METHODS 
3.1 Literature Review 
An extensive literature review of academic journals and technical standards was undertaken.  It is evident that 
there is an absence of suitable technical standards or guidelines for performance testing of CLFR solar thermal 
technology. 
The journal articles from Solar Energy, Renewable Energy, Applied Thermal Engineering, Energy Conversion & 
Management and the like had significant research into performance modelling and simulation of CLFR 
components, sub-systems and optimisation of balance of plant.  Some minor research had gone into 
developing and validating a performance model, while also developing a guidelines for performance testing, of 
point-focus concentrators.  For line-focus technology, there was plenty of research in the development and 
validation of performance models, but not of the development of guidelines for doing so. 
Despite the absence of technical standards specific to CLFR, ASTM E 905-2007 does provide a "test method 
[that] covers the determination of thermal performance of tracking concentrating solar collectors that heat 
fluids for use in thermal systems" [18]. 
The American Society of Mechanical Engineers (ASME) has Performance Test Codes (PTC) that are applied for 
steam and gas turbines, fired boilers, overall power plant performance and other process equipment [19].  It 
was also found that ASME have appointed a committee to develop PTC 52 Performance Test Code for 
Concentrating Solar Power Plants [20], however, according to Kearney (2010) [21] the final Performance Test 
Code will not be finalised for some years. 
Through reviewing SolarPACES conference proceedings, it was found that Mehos et al.. (2011) [22] at the 
National Renewable Energy Laboratory (NREL) have been doing some interim work on performance acceptance 
testing guidelines for parabolic trough collectors.  Significant portions of these guidelines can be applied to 
CLFR, and it is NREL's recommendation that their work be used up until such time that ASME have completed 
developing the PTC [21]. 
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There are many more publications in the area of modelling and simulation and these will be further explored in 
Section 4 along with the applicability of ASTM E 905-2007, the ASME PTCs and NREL's guidelines for parabolic 
trough performance testing. 
3.2 Case Studies of CLFR Projects 
Only a handful of projects have deployed, or are about to deploy, CLFR technology on a global basis.  According 
to NREL [3], Ausra [23] and Novatec Solar [24]: 
Table 2 – Projects worldwide with CLFR technology 
Name Proponent Location Capacity Year 
Liddell Solar Thermal Station Ausra 
Liddell, NSW, 
Australia 
9 MW 2005 
Kimberlina Solar Thermal Power Plant Ausra/AREVA Solar Bakersfield, USA 5 MW 2008 
Puerto-Errado 1 Thermosolar Power 
Plant 
Novatec Solar Calasparra, Spain 1.4 MW 2009 
Puerto-Errado 2 Thermosolar Power 
Plant 
Novatec Solar Calasparra, Spain 30 MW 2012 
Augustin Fresnel Solar Euromed Targassonne, France 0.25 MW 2012 
Alba Nova Solar Euromed Corsica Island, France 12 MW 2014 
 
Literature on the experiences with CLFR deployment is scarce, and this is likely because of the proprietary 
knowledge and intellectual property associated with these projects.  Hale et al.. (2011) [25] discussed thermal 
performance testing of Kimberlina Solar Thermal Power Plant, Conlon et al.. (2011) [14] discussed superheated 
steam from CLFR solar steam generators, Tanner et al.. (2011) [15] discusses control and control systems of the 
Kimberlina SSG and Morton (2011) [26] shares the construction and commissioning experiences at Kimberlina. 
Selig (2011) [27] discusses the experience of Novatec Solar's first deployment of their CLFR technology in 
Europe, but the article is too general to offer anything insightful to performance acceptance testing. 
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4 INVESTIGATION RESULTS 
4.1 Preliminary Findings 
The investigation into performance testing CLFR proved to be equally informative and limitative.  It was 
informative in that there was a clear pattern where performance modelling and simulation of CLFR 
components and sub-systems, and the validation of these performance models are an integral part of 
performance testing.  This pattern provides the guidelines for developing a performance testing protocol. 
4.2 CLFR Modelling and Simulation 
The earliest work on CLFR modelling and simulation was probably performed by  Mills and Morrison (2000) [4] 
where they reviewed CLFR technology from the holistic perspective of its technical and economic potential, 
raising further questions and avenues for research (which eventually led to Dr. Mills starting Ausra [28], the 
predecessor to AREVA Solar [10]). 
The continuing research had more specific foci on the principal components of CLFR – Receivers and Reflectors 
– as well as the principal processes involved with CLFR – two-phase heat transfer and optical efficiency. 
4.2.1 Receivers 
Receiver performance models consider the solar radiation heat gain, receiver cavity losses, and heat transfer to 
the boiler tubes.  Each mechanism can be modelled and combined to create a Performance Model. 
Pye et al.. (2003) [29] explored heat transfer mechanisms involved with CLFR Receivers, and developed a heat 
loss model: 
 
Figure 10 – Receiver heat loss model [29] 
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The purpose of their modelling was to examine the effects of ambient temperature changes on the heat loss, 
as well as geometric factors (depth and width of cavity) for the purposes of determining design parameters for 
a prototype plant [29].  This heat loss model was intended to be incorporated into a larger system model that 
considers solar radiation heat gain and heat transfer to the boiler tubes.  Pye et al.. (2003) [29] heat loss model 
considers: 
 external convection per Receiver unit length from the cavity sidewalls, Qw,conv 
 radiation per Receiver unit length from the cover glass, Qg,rad 
 convection per Receiver unit length from the cover glass, Qg,conv 
                    (1) 
                    (2) 
              
    
    (3) 
These parameters combined give the total heat loss of the Receiver: 
                                      (4) 
Pye et al.. (2003) simplified Receiver heat loss model is not quite applicable as it contains an absorbing surface 
that transfers the solar radiation to the boiler tubes.  The KCSB SSG's boiler tubes directly receive the solar 
radiation. 
Selig (2011) provides a generic Receiver heat loss model for Novatec Solar's CLFR technology, which has heat 
transfer coefficients (u0,u1, u2, and u3) that are dependent upon ambient dry-bulb temperature and wind 
velocity [27, pp. 5-7]: 
                             
     
     
     
  (5) 
It is clear that the heat loss from Receivers are subject to the specific configuration of the Receiver based on 
the works of Pye et al.. (2003) and Selig (2011).  The number of tubes, the mechanism of heat transfer and the 
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Receiver cavity geometry all factor in determining how this is to be modelled, and therefore performance 
tested.  Selig's (2011) generic model serves as a starting point, however, it is clear that the details are Novatec 
Solar's proprietary knowledge not available in the public domain.  AREVA Solar will need to develop their own 
Receiver heat loss model, specific to their technology, and possibly specific to the CLFR SSGs used for Kogan 
Creek Solar Boost. 
4.2.2 Boiler Tube Heat Transfer and Two-Phase Flow 
As the principal aim is to directly generate superheat steam for industrial use, the heat transfer from the 
concentrated solar radiation to the feedwater via the boiler tubes is of importance.  The modelling of 
convection (through the cavity airspace) and conduction (through the boiler tube wall) is a reasonably complex 
phenomena.  As the feedwater travels the length of the SSG to eventually be boiled and superheated, this 
modelling becomes even more complex involving two-phase flow and associated pressure drops. 
Dey (2004) [30] investigated maximising the heat transfer from solar radiation to the boiler tubes and found 
that the design constraint was the heat transfer fluid within the boiler tube.  Odeh et al.. (2000) [31] explored 
the two-phase flow inside the boiler tubes and developed a hydrodynamic model to evaluate flow pattern 
distribution and pressure drop for parabolic trough collector receivers.  This work is highly useful for 
determining where and when phase-changes occur within the Receiver boiler tubes, and has practical 
application in, for example, feedwater flow rate control.  However, Muñoz et al.. (2011) [6] explored the effect 
of different concentration geometries had on the thermal regimes in linear collectors, and it was determined 
that two-phase flow mechanism is ultimately a sub-set of the overall heat transfer mechanisms of the Receiver 
itself.  Modelling and performance testing this mechanism is simply given by considering the inlet 
thermodynamic parameters of the feedwater, and the outlet thermodynamic parameters of the superheated 
steam – these being the most important parameters for the Solar Field. 
4.2.3 Reflectors 
The optical accuracy of the Reflectors is of paramount importance as it provides the 'fuel' for converting water 
to steam.  The concentration of sunlight is proportional to the ratio of Reflector area to Receiver area, and this 
concentration ratio will vary throughout the day as the Reflector eventually shade themselves at low sun 
elevations [14].  An optical model effectively serves as the input parameter for a thermal model and calculates 
or accounts for mirror row orientation, shadowing between rows and cosine factor losses [32]. 
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Abbas et al.. (2012) characterised linear Fresnel concentration processes and analysed different optical designs 
for Reflectors finding that concentration factor variation is affected by [33]: 
 Selection of mirror material 
 Mirror shape 
 Mirror width 
 Orientation, [and] 
 Lateral drift 
The KCSB SSGs already has the mirror material, shape and width selected and being deployed for the Project.  
These characteristics being chosen based on proven performance at Kimberlina, manufacturability, availability 
and economies of scale (there are 5460 reflectors across 14 SSGs, meaning 27,300 individual mirror panels).  
Within the remit of performance testing on the KCSB Project, however, the orientation of mirrors and lateral 
drift still play an important role and will need to be controlled. 
Mirror orientation will need to account for solar geometry as shown in Figure 11: 
 
Figure 11 – Angles associated with optical performance of CLFR technology [34] 
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The nomenclature shown in Figure 11 is explained in Table 3. 
Table 3 – Nomenclature of optical angles in Figure 11 




Angle between zenith and sun's position as viewed from East-




Angle between zenith and sun's position as viewed from North-
South vertical plane 
ΘZ Zenith angle Angle between zenith and Sun's normal incident radiation 
γS Azimuth angle Angle between north-south axis Sun's position in the sky 
 
Principally, the Reflectors will need to allow for and track the Sun's transversal incidence angle over the course 
of the days and seasons.  This angle is shown as 'incl' minus θ in Figure 12: 
 
Figure 12 – Two-dimensional diagram of a Fresnel mirror row and associated parameters [32] 
Pino et al.. (2012) describes the mirror row positioning as taking into account the law of reflection in a mirror 
which is the angle (θ) between beam radiation (i) and the surface's normal axis (n) must be equal to the angle 
between reflected solar vector (r) and the surface's normal axis (n) [32, p. 3].  In other words, 'angle in equals 
angle out'.  Tanner et al.. (2011) describes the use of model-predictive control to achieve the tracking of this 
angle and how it ties into the overall control philosophy of Kimberlina Solar Thermal Power Plant. 
Lateral drift is where the mirror plane is always perpendicular to the Receiver centreline, but the mirror's focus 
is, in effect, 'behind' the mirror, resulting in a non-imaged (i.e. unfocussed) solar radiation being cast onto the 
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Receiver [32].  Abbas et al. (2012) offer recommendations for this issue, however this too principally relies on 
the control system to focus/re-focus the mirrors for maximising solar radiation. 
Selig (2011) [27, p. 5] provides an optical efficiency model for CLFR which is dependent upon the sun's apparent 
position: 
                   (6) 
                             (7) 
                             (8) 
Table 4 – Optical efficiency nomenclature 
Symbol Name Description 
ηopt Optical efficiency  
τ Optical efficiency at vertical position Also known as reflectivity 
fT(θt) Transversal correction factor  
fL(θL) Longitudinal correction factor  
θT Transversal angle Same as for Table 3 
θi Incidence angle Same as for Table 3 
θz Zenith angle Same as for Table 3 
γ Azimuth angle Same as for Table 3 
ω Orientation of SSG 0° in this case 
 
Hale et al. (2011) and Conlon et al. (2011) state that the input energy to the SSGs have an optical efficiency 
function with solar elevation and azimuth variables [25] [14]: 
                                         (9) 
Neither publication state what the           function is, but Selig's mathematical model fits this nicely. 
For the purposes of the KCSB Project, it shall be assumed solar geometries have been accounted for in the 
control system development and should not have a significant effect on performance testing of the Solar Field. 
Finally, it should be noted that dust deposition can significantly reduce the performance of mirrors. Yaghoubi et 
al. (2011) [34] provide a good treatise on this subject and attempt to correlate dust distribution (g/m
2
) and dust 
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thickness (μm) to performance degradation.  Performance acceptance testing on KCSB will allow mirror 
washing as often as necessary, but this is still a long-term consideration for operation and maintenance by CS 
Energy. 
4.3 Performance Testing Guidelines 
Performance testing principally consists of measuring and validating operating data and comparing this back 
against the theoretical performance model.  Some of the research that modelled and simulated receivers 
actually validated the mathematical model to ensure both its accuracy and validity [4] [5] [29] [32].  However, 
this same research did not account for the methods they used to validate the models. 
Sardeshpande et al. (2011) [34] built on the research of Mullick et al. (1991) [35], Sharma et al. (2006) [36] and 
Li et al. (2007) [37] to develop and validate a performance model for a point-focus solar concentrator using 
ASTM E 905-2007, while also developing a guideline for performance testing the model and concentrator. 
Mullick et al. (1991) put forward a test protocol for a paraboloidal solar cooker and found the performance was 
dependent on optical efficiency and heat loss factors.  The analogy from Mullick et al is that modelling and 
performance testing for CLFR require the determination of, or having a function for, Reflector optical efficiency 
and Receiver heat loss.  These were discussed Section 4.2.3 and Section 4.2.1 respectively. 
Sharma et al. (2006) reported on model validation for a paraboloid concentrator and calculated heat gain (Q) as 
the product of mass flow rate, specific heat and temperature difference of the working fluid.  This can be 
expressed as: 
                        (10) 
Li et al. (2007) defined an instantaneous efficiency curve for a solar dish concentrator, by measuring 
temperatures at four different points during testing; they found that heat loss and water flow rate were the 
largest influencing factors on performance.  The analogy for CLFR is effectively the same as Equation (10). 
ASTM E 905-2007 does provide a "test method [that] covers the determination of thermal performance of 
tracking concentrating solar collectors that heat fluids for use in thermal systems" [24].  However, this is not 
suited for thermal performance testing of tracking solar thermal concentrators that create a phase-change in 
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the heat transfer fluid.  Given the SSGs have direct steam generation capability, this technical standard is not 
suited for the KCSB Project.  Sardeshpande et al. (2011) [34, p. 1392] attempted to overcome this limitation by 
taking into account the latent heat gain due to the feedwater phase-change, and found that inlet working fluid 
temperature needs to be kept constant.  This therefore requires a pressurised sub-system to account for 
pressure drops when boiling the feedwater.  While Sardeshpande et al. (2011) stated an intention to develop a 
guideline, none were actually developed; their research did overcome some of ASTM's phase-change 
limitations however. 
The most significant work with respect to developing performance testing guidelines has been that of NREL 
[21] [22].  While ASME do not have a specific Performance Test Code for solar thermal technology, the NREL 
have been developing their guidelines based on existing ASME PTCs, namely [20]: 
 PTC 2 – Definitions and Values Performance Test Codes 
 PTC 4 – Fired Steam Generators 
 PTC 46 – Performance Test Code on Overall Plant Performance 
 PTC 19.1 – Test Uncertainty 
 PTC 19.5 – Flow Measurement 
As these Performance Test Codes are not freely available, these were not able to be perused further and so 
only NREL's Guideline has been used as the basis for the works in this Dissertation. 
4.3.1 Steady-State Testing 
Mehos et al. (2011) [22, p. 2] and Kearney et al. (2011) [21] state that the objective of short duration steady-
state tests is to accurately measure both the Solar Field capacity and efficiency based on a series of test runs 
under clear sky conditions.  To achieve this, the key test parameters need to have very low variability and have 
negligible contribution to the test measurements, results and calculations.  The key test parameters and 
stability requirements are presented in Section 5. 
NREL shows that an important and key aspect of performance testing under steady-state conditions are the 
governing equations for measuring the Solar Field output and efficiency, however the NREL equations provided 
are not suited for CLFR technology, as they are specific to parabolic trough technology.  In saying this, the 
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mathematical modelling throughout Section 4 and basic thermodynamics can provide the governing equations 
for CLFR technology-based Solar Fields, and these are presented in Section 5. 
4.3.2 Test Uncertainty 
NREL also discuss in-depth the uncertainty associated with testing, given the variable nature of the solar 
resource.  The two main errors common in scientific testing include systematic errors and random errors.  
Systematic errors are associated with measurement of a single parameter and can arise from the calibration  
process, instrument errors and fixed errors of method  [38].  Random errors are attributed to repeated 
measurements over the interval in which the system is considered to be steady-state  [38]. 
Kearney and Mehos (2010) show that are more systematic errors are more significant than random errors [38, 
pp. 6-8].  While test uncertainty is a very important consideration, it can only be pursued with raw data that 
has been collected from the performance testing.  While the process is complementary to performance model 
validation and Mehos et al. (2011) [22] recommend performing a pre-test analysis of the instrumentation, the 
instrumentation manufacturers' calibration testing and certification should suffice for the KCSB Project. 
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5 ANALYSIS AND DISCUSSION 
5.1 KCSB Performance Model 
The Kogan Creek Solar Boost will need performance testing to prove it will generate the required energy from a 
given amount of solar radiation.  To do so, a Performance Model needs to be developed that will predict the 
Solar Field's output.  This Performance Model then needs to be compared against actual output from the Solar 
Field.  This can best be described as follows: 
 
Figure 13 – KCSB CLFR Performance Model derived from NREL Parabolic Trough Performance Model 
In effect, the DNI dataset representing the solar radiation captured by the Solar Field is input into the 
Performance Model which then yields Simulated Test Results.  Under steady-state conditions, measured 
parameters from the Solar Field (namely feedwater and steam) are used to calculate the Solar Field output 
(among other parameters such as efficiency, for example) using the Governing Equations.  These Governing 
Equations yield Measured Test Results which are then compared against the Simulated Test Results. 
5.2 Measured Parameters for Steady-State Conditions 
The KCSB Solar Field parameters that need to be measured, and what governs their stability, are given by ASTM 
E 905-2007 [18, pp. 6-7], as shown in Table 5: 
Table 5 – Measured parameters and stability criteria based on ASTM E 905-2007 
Parameter Description Stability Criteria KCSB Design 
Tfw 
Solar Field inlet temperature (feedwater 
temperature) 
< ±2°C or ±1.0% of the value 
of ΔT, whichever is larger 
Note 1 
 Faculty of Science and Engineering 
 School of Engineering and Energy 
 PEC624 RENEWABLE ENERGY DISSERTATION 
A PROTOCOL FOR EVALUATING THERMAL PERFORMANCE OF 14 SOLAR STEAM GENERATORS FOR THE KOGAN CREEK SOLAR BOOST PROJECT Page 24 
Bond G. Watson 
Parameter Description Stability Criteria KCSB Design 
ΔT 
Temperature difference between 
feedwater in and steam out (Tstm – Tfw) 
< ±0.4°C or ±4.0% of the 
value of ΔT, whichever is 
larger 
Note 1 
  Cp 
Product of mass flow rate and specific 
heat 
Less than ±1.0% Note 1 
DNI 
Variation in both the direct and global 
irradiance 
±4.0% Note 2 
Tamb 
Allowable variation in ambient 
temperature 
±2.0°C Note 1 
vwind Average wind speed across collector < 4.5 m/s Note 2 
DNImin 




 Note 2 
ΔDNI 




 Note 2 
Note 1 : The operating parameters for KCSB project is proprietary information and cannot be published in this Dissertation. 
Note 2 : The weather data, DNI in particular, collected for KCSB project during 2009-2010 is proprietary information and cannot 
be published in this Dissertation. 
 
The Governing Equations have operating parameters, not identified or nominated by ASTM E 905-2007, that 
should be collected.  These are listed, along with self-nominated stability criteria, in Table 6: 
Table 6 – Additional measured parameters and stability criteria required for KCSB 
Parameter Description Stability Criteria KCSB Design 
     
Solar Field inlet flow rate (feedwater 
flow rate) 
±2.0% Note 1 
      
Solar Field outlet flow rate (steam flow 
rate) 
±2.0% Note 1 
Tstm 
Solar Field outlet temperature (steam 
temperature) 
< ±2°C or ±1.0% of the value 
of ΔT, whichever is larger 
Note 1 
Pfw 
Solar Field inlet pressure (feedwater 
pressure) 
±0.5% Note 1 
Pstm 
Solar Field outlet pressure (steam 
pressure) 
±0.5% Note 1 
Note 1 : The operating parameters for KCSB project is proprietary information and cannot be published in this Dissertation. 
 
The pressure variables are chosen as means to determine the feedwater and steam enthalpy as required by 
Equation (13) in Section 5.3.  Instrumentation for direct measurement of enthalpy does not exist, and so 
normal engineering practice is to measure pressure and temperature of the fluid under consideration and 
derive enthalpy values from the steam tables.  The control system normally takes care of this calculation and 
the SCADA and HMI can be programmed to display this value (or others, as based on the operating parameters 
being sought by the end-user).  The stability criteria for inlet and outlet flow rate and pressure was chosen 
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based on the accuracy of flow and pressure measurement instrumentation currently available; stability criteria 
for steam temperature is aligned with feedwater temperature. 
5.3 Governing Equations 
Performance is calculated based on the measurements taken from the Solar Field during test.  The 'Compare' 
step shown in Figure 13 effectively compares the Measured Power (or Energy) Output and compares it against 
the Predicted Power (or Energy) Output.  Ultimately, for AREVA Solar to pass the performance test and to have 
the solar steam generators deemed acceptable by CS Energy, the following equations need to be satisfied: 
    
          
           
   (11) 
        
         
          
 
          
           
   (12) 
Equations (11) and (12) effectively state that if the Measured Power (or Energy) Output exceeds the Predicted 
Power (or Energy) Output, then the solar steam generators have performed acceptably.  If the ratio of Equation 
(11) equal one, then the Solar Field has performed as predicted; if less than one, then performance has not 
been met; if more than one, then performance has been exceeded. 
The Measured Output Power is governed: 
                         
                       
                                   (13) 
Equation (13) represents instantaneous power and so multiplied by the time period being considered, the total 
energy can be determined.  This Equation is based off that used by Sardeshpande et al. (2011) 
5.4 Solar Field Characteristics 
The Predicted Power (or Energy) Output is common to any type of technology, wherein the Predicted Output is 
equal to Predicted Input minus any losses: 
                                                        (14) 
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However, the Predicted Input Power is unique to CLFR as given in Equation (9), is a function of Reflector 
reflectivity, geometry and sun position and so combining Equation (9) with Equations (7) and (8): 
                                                                  
                          (15) 
Similarly, CLFR has losses that are unique to its technology.  Heat losses are attributable to Receivers losses, as 
discussed in Section 4.2.1 and other thermal losses such as that from the Interconnecting Piping to/from the 
Kogan Creek Power Station.  While the Interconnecting Piping will be cladded and lagged, heat losses are still 
present and this can be considered as a constant derived from standard engineering pipe stress analysis; 
normally this value is merely a few hundred kW.  The predicted heat loss from the Receiver can be taken as 
that given in Equation (5). 
Elaborating on Equation (14): 
                                                         
                                                                                            
 (16) 
Resulting in: 
                                                                    
                               
     
     
     
                                
 (17) 
Rather than a large and unwieldy equation to predict the Solar Field output and then compare against the 
predicted output, a more intuitive approach is a spreadsheet for collecting and calculating data as shown in 
Appendices B to F.  These tables provide the measurements and calculations for each unit of time nominated 
as part of the steady-state test and can be used over a two-hour, two-day or two-month duration. 
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Appendix C contains the calculation for Measured Output Power based on measurements of steam and 
feedwater mass flow and enthalpy.  Measured Output Power can be converted to Measured Output Energy by 
multiplying it over the time in which the test was conducted. 
Appendix D calculates the Optical Efficiency of the Solar Field, and Appendix E calculates the predicted Receiver 
Heat Loss.  Appendix D and Appendix E then serve as input to the table in Appendix F to determine Predicted 
Input Power and Predicted Output Power. 
Appendix C and Appendix F are then compared to determine the Solar Field Performance for both power and 
energy for each unit of time period being tested and this is shown in Appendix G. 
The above-described process then becomes the guideline for developing the Performance Test Protocol for 
CLFR technology, and be easily applied to the KCSB Solar Field.  This process is simplified and contained in 
Appendix B. 
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6 CONCLUSIONS 
6.1 Objectives Achieved 
The objectives for this Dissertation were mostly completed.  It was found that only one, albeit limited, scientific 
protocol exists for guiding standardised performance testings. 
The NREL guidelines found are applicable for multiple-unit solar thermal installations as these guidelines look at 
the input and output of the Solar Field, irrespective of how many solar steam generators are within the Solar 
Field's boundaries and irrespective (realistically) of the technology involved, whether parabolic trough or CLFR. 
Fundamental thermodynamics, heat transfer and fluid mechanics have the concept of dimensional similitude 
which allows for scaling-up or scaling-down of measurement, calculation and testing methods, and so the NREL 
guidelines would be suited, with appropriate fundamental adaptation, to any scale. 
The implications for integrating into an existing industrial facility can be treated with much the same 
consideration as the 'multiple-unit solar thermal installation' question.  Irrespective of whether the CLFR solar 
field is tying into an power station or desalination plant, the inputs and outputs of the Solar Field as a whole are 
investigated and considered. 
Ultimately, the NREL Guideline and ASTM E 905-2007 can be applied, as long as the performance model, as a 
predictive tool, has been developed to suit the solar steam generator being installed.  That is to say, the 
performance model needs validation and this is normally done on a pilot project i.e. non-commercial project. 
The form of a test protocol was completed and this is presented in Appendix B.  This guideline presents what 
measurements and calculations are needed, and in what order to them, over the time period under 
consideration for performance testing of CLFR technology. 
6.2 Future Development 
It was found that some proprietary knowledge – the Receiver heat loss model, namely – will need to be 
developed or provided in order to carry out the performance testing for Kogan Creek Solar Boost Project.  The 
generic model discovered in the research cannot be adequately 'reverse engineered' and so this leaves the 
Performance Model, Governing Equations and the Test Protocol itself with a significant gap.  The Guideline 
provided in Appendix B should flag this issue, in any case. 
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Some areas of this work were only given a cursory treatment, and overlooked as being not applicable for 
various reasons for the purposes of Kogan Creek Solar Boost Project.  These issues included: 
 Test uncertainty; 
 solar geometry, lateral drift and reflector control; 
 two-phase flow as a subset of the Receiver model – there are implications for what and when a 
performance test is deemed applicable i.e. the production of steam meeting the operating parameters 
 mirror dirtying 
While this may hold true for one specific project, the development of performance testing guidelines will need 
greater and rigorous consideration to these issues. 
The NREL Guidelines and the work contained herein should be further developed to provide a more 
comprehensive Performance Testing Guideline.  This can then be used to inform and guide the process of 
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APPENDIX A – SSG REFLECTOR ARRANGEMENT AND TERMINOLOGY 
 
Figure 14 – CLFR Reflector terminology
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1.  Measured Solar Field Output 
Inputs 
(Measurements) 
 Steam flow 
 Steam enthalpy 
 Feedwater flow 




 Measured Output Power 
 Measured Output 
Energy 
2.  Predicted Optical Efficiency 
Inputs 
 Azimuth 
 Solar Field Orientation 
 Incidence Angle 
 Zenith Angle 
Outputs 
(Calculations) 
 Transversal Angle 
 Longitudinal Angle 
 Optical Efficiency 
3.  Predicted Receiver Heat Loss 
Inputs 
(Measurements) 
 Ambient temperature 
 Wind velocity 
 Feedwater temperature 




 Temperature difference 
 Heat transfer coeff's 
 Predicted Receiver Heat 
Loss 
4.  Predicted Solar Field Output 
Inputs 
 DNI 
 Optical Efficiency 





 Predicted Input Power 
 Predicted Output Energy 
5.  Predicted vs. Measured Solar Field Output 
Inputs 
 Measured Output Power 
 Predicted Output Power 
 Measured Output Energy 




 Solar Field Performance 
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APPENDIX C – MEASURED SOLAR FIELD OUTPUT 
This table is based on Equation (13): 
Table 7 – Measured Solar Field Output 
A B C D E F G 
Time Measured Steam Measured Feedwater Measured Output Power Measured Output Energy 
ti mstm hstm mfw hfw Qoutput,measured Eoutput,measured 
hrs kg/s kJ/kg kg/s kJ/kg kW kWh 
1 1 Measured Measured Measured Measured =(B1xC1)-(D1xE1) =F1xA1 
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APPENDIX D – PREDICTED OPTICAL EFFICIENCY 
This table is based on Equations (6), (7) and (8): 
Table 8 – Optical Efficiency for Predicted Power Input 
 A B C D E F G H 












 ti γ ω θi θz θT θL η0 
 hours ° ° ° ° ° ° -- 
1 1 Measured 0 Measured Measured =arctan(sin|B1-C1|tan(D1)) =arcsin(cos|B1-C1|sin(E1)) = τ x F1 x G1 
























= τ x F8760 x G8760 
 Note: Optical efficiency at vertical position (τ) is a constant and is indicative of the Reflectors' reflectivity property. 
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APPENDIX E – PREDICTED RECEIVER HEAT LOSS 
This table is based on Equation (5): 
Table 9 – Predicted Receiver Heat Loss Calculation 













Predicted Receiver Heat Loss 
 ti Tamb vwind Tfw Tstm ΔT u0 u1 u2 u3 Qloss,receiver,predicted 
 Hours °C m/s °C °C °C -- -- -- -- kW 
1 1 Measured Measured Measured Measured =D1-E1 
Function of ambient 













































Note:  heat transfer coefficients are calculated based on Ambient Temperature and Wind Velocity and there is no published literature on how these are determined 
considering that Receiver Heat Loss models are proprietary knowledge not in the public domain.  Section 4.2.1 further refers. 
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APPENDIX F – PREDICTED SOLAR FIELD OUTPUT 
This table is based on Equation (9) and (16): 
Table 10 – Predicted Solar Field Output 
 A B C D E F G 
 
Time Predicted Input Power 
Predicted Receiver 
Heat Loss 
Predicted Output Power Predicted Output Energy 
 ti DNI ηoptical Qinput,predicted Qloss,receiver,predicted Qoutput,predicted Eoutput,predicted 
 Hrs kW/m
2
 -- kW kW kW kWh 
1 1 Measured =H1 of Table 8 =B1 x C1 x Areflector K1 of Table 9 =D1 – (E1 + Qloss,piping,predicted) =F1 x A1 

















8760 8760 Measured =H8760 of Table 8 =B8760 x C8760 x Areflector K8760 of Table 9 =D8760 – (E8760 + Qloss,piping,predicted) =F8760 x A8760 
 
      
=SUM(G1:G8760) 
 
Note: Reflector area (Areflector) and Interconnecting Piping heat loss (Qloss,piping,predicted) are constant. 
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APPENDIX G – PREDICTED VS. MEASURED SOLAR FIELD OUTPUT 
This table is based on the output from Table 7 and Table 10. 
Table 11 – Comparison of Solar Field Predicted and Measured Power and Energy Output 















 ti Qoutput,measured Qoutput,predicted Pss Eoutput,measured Eoutput,predicted Pss 
 Hrs kW kW -- kWh kWh 
-- 
1 1 =F1 of Table 7 =F1 of Table 10 =B1 / C1 =G1 of Table 7 =G1 of Table 10 =E1 / F1 
















 8760 =F8760 of Table 7 =F8760 of Table 10 =B8760 / C8760 =G8760 of Table 7 =G8760 of Table 10 =E8760 / F8760 
 
